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high-definition films have deen made with sufficient sensitivity to 





GENERAL STUUY OF ABRIAL PHOTOGRAPHIC INSTRUMENTATION 


Dering the past several years there have deen significant 
advances in the design and manufacture of large, high-performance 


optical systeas for aerial Seconnaissence. Furthersore, fino-grain, 





de used with chese new lenses. Accompanying these gains, 2 more 


complete underatanaing of image formation has made ‘t possible to 
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predict pvesformance with reasonable precision and to design with a. 
assurance. x, Y i. 


He i 


It seems werthvhile to ‘review: these advances in the state. 
of-the-ars in < general and theoretical way. By this means the baste. - » 


physical limitations can 5e sorted out from those which represent ai 8 


+ ra 
oY ie 


our level of progress and urcerstanding and it will be possible to ae 


cod 7 


judze intelligently what areas of concentrated effort will yield 


“pil 3 . ° se 


tre greatest advaerceaent. 


The charts which follow cover the highlights of a rather * dee 


general but Limited study of the instrumentation for photographic. ay 
| reconnaissance. The study is general in that the optical, photo 4 
graphic, and mechanics! psraneters are treated in a fundasental | cs 
way ana an optimum relationship is obtained for a given set of: .. oe 
sondittiens. A limitation exists in that the ‘only measure of output Best 
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is angular and ground resolution to qeternine: aisles and total . 





coverage to neaszre quantity. To make the numbers more eT ; 

















7 this output is frecuentiy given in terms of ground resolution ang 
fs | . 
- coverage from a sate-iite at an altituze of 100 4 mi. though 
_ | “his is restrictive, tne numbers can easily oe transposed and azpl ied: a 
aa - to almost ary vehicle. of | 
[; Zt must be srecliced that the area of study is quite ara 9 
: . Xe 
7 arf Unat many of the cetails are omitved for the sake of crevity | .:: | 
2 ana generality. Alcnsough che information given nere is representative’ ' 
ie ouantitative resaits saould not de ¢ : * 
- since small deviations in the data incorporated in the study had te. 
is be averaged in order to represent the general case. Furthermore, *’ eo . 
7 a diffarent dasign paliosopay than thet presented here can result iz a 
= in vetter performance in certain sreas at the expense of poorer ef 
: performance in othess. ‘for exanple, the emphasis will be placed “ys 
: — or, good resoiution with adequate coverage. Sut if the coverage _ he 
- is severely reduced, the z=esolution can ce further improved. ~ 
r Fron this voint On, the text will expand upon the charts . 
i that follew. te a 
? Chart i ~ Genera! Szudy of Camera Systens for Photographie - si 
F Aerial Reconnaissance. ee ae 
2 Tne purpose of the study is to investigate the trade-offs anong ae 
2 the eany oaraxeters applying to this field and zo optimize the ; : oe 
7 shotossaomic output far e ziven set of conditions. After this is’ oe 
. sone it is possioie to setermine what conditions must be ant. us | 2 | 
eantain a snocifiec nesfarmance ‘evel, and finaily, ‘he areas of , — 
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_which may yield the greatest advances can be predicted. 

The parameters and conditions ean be divided into ‘Sten oe 
categories. The first cre those wiich descride the natural : . 
limitations imposed by the sun, the ateosphere, the earth, and the ee 
weve nature of light. Although man has no control over these | : = 
natural conditions, he has certain choices such as spectral region: gr 
and time of day. — oO - am 


A second category contains parameters which are usually. - | Le 


specified to the designer of the camera system. The required _ - a 
' * trae 


photographic output and vehicle characteristics fall in this: clasé;.. 


; tng See 
The third group of parameters are those which are usually left to...’ 


the choice of the cazera designer. Obviously,. the distinction ne 
between the second and third Eateesrxes is not absolute cut is. : - 
giver. for convenience tc determine the trade-offs tnat exist ' Ks 
between the camera system, vehicle, and program requirements. me e. 
example, errors in vehicle angular motion and position may be | . ss 


‘ . 
eo “fe 


controlled adequately sy the vehicle attitude control systen and. ; 


ground tracking. Gut if the residual errors are out of bound Z 


rig es" 


the camera system can inciude a V/H sensor. Those variables in Be 


the hands of the camera system designers are limited by the. staten 
of-the-art and it is tnis Limitation that will be studied. to © : ea 


determine an optizum solution for a given set of circumstances. “>. 
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Chart 2 (page 3) - Optimum Spectra: Region for Aerial 
Photography. | 
These factors which primerily influence tne choice of sveczral 
region are Listed on tne chart. They combine in such a way to 
eliminate, for all Dut very special applications, the ultra 
violet below about 0.3 microns and the infrared beyond about 
0.9 a2tcrons. In the ultra violet, atmospheric transmission is the 


princinal deterrant but relatively low solar energy and iow scene 


reflectance and contrast also reduce the desirability of this 
cegion. Solar irradiance, stasechecis transmission, scene 
veflectance and contrast all rise- quite rapidly in the region 
above 9.) microns tut are hardly adequate until 0.4 microns is 


reached. Beyond about 0.9 microns, inadequate photographic 


sensitivity is accompanied by failing solar engergy. Therefore the. 3 


optimun region mst exis: somewhere cetween 0.4 and 0.9 microns. 


Since the svailable energy is a fundamental limitation 


- & 


it seems obvious to include as large a spectral region as possible. - 


However, the scene contrast changes character quite markedly beyond |. 


about 0.7 microns. This is due primarily but not solely to the 


| nigh infra red reflectivity of chlorophyl. In fact, it is possible | 


to reduce apparent scene contrast dy combining a certain proportion . 4 


of visible and infra red lignt. To avoid this, the visible and . 


infra red snould bs treated as separate regions although the . 


Copy. __of__._.-Copies 
Pago..4)... of »3:3__Pages. 


Pontrol 29... eee 


0@ etceetiars 6 Oe Oo e@eumet oe oot a me 
. one op 8 EOF 


ba 


e 
e 
a .* 


ae 


: 
“4 
o 


am 
5 3 
WG 
we 


oa @ | 
Ve Pm ] "ee = %., 


. 
7. 





& 


wa. an Se , 


: Pte 
Ce 





eo 
&. 


on sdan 5 ite . = 


Pir age 


os 
a 1 # 
SumPapromed, 


ry a a 
ay oF ‘e ae 


Os + cberennigibibes 





boundry between them 3s not shar. The peculiar brightness 
relationships in the scene viewed in the infra red make this 
regior. ideai Sor spacial suspose photography such ss camecfiage 
dezection. It is probably not acvisadle to use infra rec for 
general purpose photogrsphy since the diffraction of light and 
the fin sensizivity terc tO reduce resoluticn in the infra red 
Compared with the visible. Existing infra-red-sensitive films 
are mcre Rrainy tnan sanchromatic films of tne same Level of 
sensitivity. An idea! situation is to use bath panchromatic fils 
for maxiwoz resolution and infra red for special detection. 

in the visible region (aporoxinately 0.4 to 0.7 microns) 
the apoarent scene contrast vises cron. blue to red. This is due 
to scene seflectance as well as haze. As a result, it hes been ; 
Comnon practice to eliminate the blue with a yellow filter. But | 


tne decision to eliginate the blue has been strongly inflyenced 
a na nnn 


by che inadequate color correction of lenses commonly iin 


6 ™ © Wee See: i © 
ewwatee a Papas <aniseee, 
bea meiseceanaiias angiaisumbaanen eee eee eee 


aerial pnotography. It appears to ce inherently wasteful to 
eliminate the blue region where the solar energy is at its teak, 
where photographic files zenerally have high sensi tivity and where 
diffraction effects are minimized. Furthermore, the apparent gain 
in scene contrast if the blue is eliminated may not be equivalent to” 
a gain in infermation. ‘The contrast is enhanced at the expense 

of eiiminating nearly 42. the light ° rom tne shadow regions which ; 
receive their {iiuminstica from the blue sky. Therefore, the | 


nianesr fenatrast gives an apparent increcee in picture sheriness 
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but not necessarily in information content. = 
Another potential gain, in addition to the elimination ia 
of the yellow filter, £5 an axtension of the sad sensitivicy of 
aerial films. If this extension be kept small to avoid large A 
changes tn brightness velationships, there will be a motest but ae = 


useful incresse in available energy. 


For the remainder of this study, it will be assured 2% 


that as much of tne visidie spectrum will be used as the ontical _ 
ss o treigad 

correction of the lens anc the spectral sensitivity of the film a 

peruit. 8 ee if 2 


Chart 3 (page?) - Altitude. 


It was stated previously that the quantative results of this -._ ie 





study can be applied to almost any altitade and vehicle. - The . 

parannters associated with altitude are indicated very briefly o on 
Chart 3. Larger coverage 4s obtained with an increase in altituite ‘i = 
but there is potentially oetter sesolution at lower levels. For, ° ee 
satellites a% high alcicudes the radiation belts become a harzards 
At. altitudes much below 100 nautical ailes, atmospheric drag — sae, 


reduces life time, causes heating and, at very low levels, . so 7 ee. 


turbulent sir flow. Although the uae resolution is potentially. 
higher at low altitudes, the camera must compensate for a higher. “ 
velocity to height ratio, V/K, and resolution is endangered by or fl 
image smes>. ' - 3 4 
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‘The aireras ft region extends from the ground unward to 
about 20 miles. Above this sustaining Lift hecomes diffsen: t to 
acnieve without a high velocity which can cause excessive heating | 
and air turbulence. 

Therefore, there is a region between aircraft and 
sateliite altitude which is difficult to exploit. Undoubtedly 


there is no sudstitute for getting close to the object in order 





slsnied coward sstellites, am altitude of 100 nautical miles will | ag 
. te 
de assumcd. | | saeeh Ton EY 


chart & ~ Resolution vs Field Angle ‘oun 
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The level of achievement in lens-design and manufacture is 


Jat 
‘, 


indicated in Chart 4 where resolution (quality) is plotted against : 


i a.” 
Raed 
on, * 


field angle (quantity). To provide a meaningful criterion, the. Ae 
quality is given in temas of angular resolution of the lens plus - a 
fire for the finest grain serial film available and for a low e 
contrast (2:1) Mil Std chart. Perhaps a better understanding of . a“ x 
angular resolution and fie!d angle can be obtained from the 4 ; 
additional coordinates giving ground resolution and coverage fron. ug 
100 miles. _ 
Odviously, the cetter resolution is represented by ;. | | . 
lower number on the chart. Consequently, the direction to nove i 
to obtain hi “ee percoreence is toward the lower right-hand corner . = 
of tne chart. - 7 
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Resolution is given for several representatively good: 


e.4 
a £ 8g ees ate 


lenses in the form of a line extending from maximum quality 


os | llower end or tne line) at tne center of the field to mininus 
= uality seneraily at the edge of the field. for comparison, tne 


resolution if the Lens were truely diffraction limited is given 





es OY a triangle. The lenses Listed span tne wide range from tne 
_ short-focus, wide-angle Biogon toa the long-focus, narrow angle 
- 3 lens. <* ts inveresting that most of tne lenses fit on ¢ 
=o | siraight Line and this iine indicates tne price that must be 
paid in sai Ler field for improvement in angular resolution.. -- eri 
a A notable excention in the 2% inch £/5.6 lens designed. me af 
7 by Pacitic Optica. for the Wright Field high acutiy program. ° -; so, * 
- fais lens nas about ciwice the expected field for its measured i . 
ce resolution. Some Lens data are either proposed or assumed ‘and ; a 
_ these lenses are ~wevresented by a dashed Line. Incidentally; | . Oe 
even thocan thesa lenses are all of similar form, in that they os 
sf, 


a. | are of about the same f/do. and quality compared to the diffraction: 
: 3 | ; a 
Limit, it is interesting to note that the 6-inch Metrogon with, _ 


= | Super XX film and even the £/1 Baker-Sunn satellite tracking. care 


match the cusve quite weil. 


« 
pe . 
pen ‘en 


Note that all these jledeeus: which represent che best in. - 


tne state of the art, are near the dct rfraction Limit and have a. ag 


aa 


resoiution range Trem center to adge of the field of abouit-tio'6e<" 
a mn gh 
Less. This data was averaged anc representative aodulation .~ 3. 
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transfer curves vere drawm for tne center and edge of the field. 
These curves, plus the relationship vetween field and pesolattan: 
are used in tae remaircer of this study to portray the existing 
Limit in lens design and manufacture. Although the data dous 
not take into account such detsils as light transnission or color 
correction, the light efficiency is relatively constant Tor the 
entire range of lenses. The short-focus, wide-angle refracting 
lenses generatly have poorer color correction and reauire heavier 
filtering than the long-focus, narrow-angle reflecting systems. 
Sut these reflecting systens generally have lower transmission: <2): isn | 
cue to obstsucted apertures and reflection losses, Bae: 
An effective way to increase the field of a camera, © ||... 
with Litt.e loss in quaiity is to use a panoramic approach. 
Several panoramic systems, iilustrated on Chart 4, again fall 
on a nearly straign= iine. The line position indicates a gain. 
of about five in quantity for the sane quality. Obviously, there 
must be an increase ir weight if the jens is used in a panoramic 
system out this weignt increase is far less than the factor of oe. 
five required for an array of five non-panoramic cameras. The. : 
line defining the quality and quantity of panoramic systens is 


probably less sharp than that describing the lenses alone. The 





angle of panning is Limited due to izage smear by sweep rate and ay 


cycle time. It can de ‘arger for lower V/H and depends greatly: ~." 
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on the quality of mechanical design in the camera. There are 
exceptions to the rule such as E-5. This system has a snalier: 


field than expected arcoadl ly because the field of the Lens 





“° {tself is quite small. 


chart 5 - ideal Correction of Image Smear. 





ee fer Tae effects of imace smesr must now be added to the resolution of 
the lens and film to obtain the image quality of the camara iin _ 
Image smear no. only includes the residual errors in image motion oe 
compensation but also the instability of the vehicle and the 


a _wibration within the casera. There are several sources of SrFOr =... 


a 
: ie which caise smear and these are not limited to the direction or 
- motion of the vehicle. in Chart-4 the smear is given for exch | 
. i | error source, tn the two component directions, and for typical : - 
co strio and frame cameras. The assumed altitude of a circular orbit 24 a . 
; L is 100 nautical miles for which V/H is 0.05 radians per second. As, 
; a Essors are given in terns of this V/a and the total in terns of | ee 
° anguiar rate. tne wagnitude of the error source represents 
os } 7 approximately the best that can be done at this tine with present. 
— techniques. In fact, it is estimated that it will be difficult s 
: a to iaica great iaprovemants at low satellite altitudes unless is : ] 
4 there are scne m3:‘or changes in method. To be sure, at higher” a 
: rs altitudes where V/i is less, the smear rate, in terns of. radians .,. “g 
: 7 9e> second, azy De reduced, Sit the longer lever arn of altitude, © 
te wili provanly more than compensate for the reduced smear sie. i 
4 iit 
sei Qt oy So 
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Attitede, for sessile is muceed at (.2° about each . ae 


of the three axes. Sensors ave being designed to detect 0.]° - ; Be 
with respect to the apparent horizon Sut it is assumed here : hae 
tnat in -aplenenting control, the error will be doubled. Excelicnt = el 
image motion compensation seems to require a V/H sensor. Altnoagh Rex 
som2 sensors are deing designed to approach 0.1% accuracy, cloud a a 
interference, loss of signal over featureless terrain, finite ~~ se 
time constart, ans acise :nftluence the interpretation of ‘he signal i 
and add un the aifficalty of making the camera follow the signal ae 2 
precisely. Therefore, an error of 0.5% was chosen for the sensor=- “e 
camers drive combination. ar are 
The errors -vary in time and -direction and are relatively us 

independent. Therefore, they can be added as a root-sum-square — er 
in the two directions. Two ellipses at the bottom of the chart -. ts 7 
are polar plots of these net errors for the two camera types. a 4 
Note that although the two caseras have different individual =< * eae 


ersocs the mean error in doch cases is very nearly 1%. Consequently: 


1% of V/H t 100 miles or 1/2 milliradian per second will be ee 


oe 
considered an ideal correction of image smear. tea: tt 
Chart 6 - Exazples of Residual Smear Rate. ee oe 


To substantiate this choice of 1/2 ar/sec for the probable smear - a 
limit, several exampies are given in Chart 6. E-2 was avery .. 


quiet strip camera at 3 high altitude of 300 miles. The badge ted 


vk. 
smaar was .70 ar/sec at the center of the field and a greater 2 - a 
amount. offeaxis. E-S 2s s panoramic syster abil +7 pcnenicanly = a 
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much more active. With conservatisa the budgeted smear was 


placed at 2.6% mr/sec. 
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ae 
o Chart ? ~ Angular and Ground Sesolution for Fixed Inout to . 
- Camera Lens. | | ee : 4 
Z The effects of imaze suear can now be included in the lens rile. ig : 
ae resolution. For the sake of orderliness only one variable wil bes 
- treatea at a ctima. ar Sirst lens Gianeter and angular rate of smear ‘. oe 
cs ‘ whll both be fixed. This in effect fixes the inout to the canara: =a 
= lens. The Lens diameter determines the amount of light energy... : 
2 entering the optics and determines the diffraction Limit in tems ic 3 
. ~~ of odsect space. Incidentally, a fixed lens diameter has 2 oa a 
as practical significance in that the weight of the lens is prinariiy.g 
ra denendent on its diameter rather than ary other charactertsti¢i» “ =X 
ae | ~ oe 
- | | copy_/-& of ...--Coptes- 7 
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The wariables, wnich will be treated one at a Time, are focal a vo 


of the image is very smali and the ‘tim resolution becomes the 


Geserlting the fiim Limit which is related to the scale of the 


Conciusicn, these i¢ some optiaun focal length for a fixed lens ._"-. oe 





length and film. Since the lens diameter is fixed the f minzer 





is obviously rested directly to focal Length. Exposure mst 
tnen be adjusted to match che file and f nunber. 

The results of varying the focal length can be measured . ae 
in teras of angular or ground resolution as indicated in tne graph = 7° 
on Chart 7. Gbodviously better quality $s associated with « smaller - 2 


angular rasclution and, therefore, with a lower position on the a sh 


*, 


= igs. “e 


grack. Angular resolution varies as indicated and zoes through ais 


miniauna at whst aay be tersed an optimua focal length. Ata Beta 


Was 


snortes focai leagth the expomre time is reduced because at the ast 


small £ numoer image smear-dbecomes negligible. However, the scale. 
limi ting sactor: This is indicated on the graph by a line 


picture. If the focal length is <oo 10ng, tne exposure tine 


must be increased due to the high f number. Consequently, image , a 





suear becomes tne limiting factor and the large image scale does |. os 
not tax the resolution of the films. This is indicated on the : oe. : 
graph by a line labelled smear Limit. The combination of fils . = i 
resolution and image smea> give the curve, as indicated, with | igs 
ootimus quality of output at sone particular focal length. In went 


Giazeter and inige smear rate and for a particular film. ae 
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One obvious reason for the enual aquivalent quality: ait 
of the films mentioned is that these films are al: of the ike 
faaily, raving aporeximately the same soectrai sensitivity and 
gamma and processing. If there is to be a gain in the s-ate of 
tha art of film manvfacture, the curve for that improved file 
mast di¢ down to a tower level on tne graph shown. There is 
good reason to believe that such a gain is in the offing. 

cnart 9 = Comparison of Systems Using Different Films. 
From chart 3 it was concluded that the relative zround and 
anzular resolution is tne same for the three emulsions. ‘In the 
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is less than one increment on a standard resolution chart, but © -7'am 
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facie in Chart 9, che differences are only 7 and & percent which e 


the resolution in the image must be considerably better in the . fi am 


fine grain eraulsion compared with the coarser grain em il sions. 
Tnis can raise orobiems in duplicating tne jmage for distribution: “7am 


to tne intelligence community. Focal iength is shorter for tha- ee 


finer grained (ilm whicn may lead to more compactnass in the lens... E> 
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nowever, the relative anerture must be greater, that is, the f _— 


nuaber aust be smaiier, anil tnis can lead te prodlens in lens a 
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desian. If, for example, 4 stitl finer grained film than S0-132 ; | a 


is devised, the * numoer assy be impossibly. small for the iens ; | a 
desieaner and some sacrifice ‘n resolution will result. This-is oe. 


iiiustrated in Crart 3 sy tne dashed lines near £/2.8. The °: “3 
-4 er 
larze advantage of the fine grain film is in the small amount of... : 
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weight increase as tne square of the focal lengtn ind, therefore, ..: 2:5. 


eight times less SO0-132 film would be required for =he same cnveragy: ; as aa 
tnan the amcunt of S0-130 f4im. Still another advantage of tne oe 
fine grain film is its relstive insensit<vity to wadiation. Fron | i 
these statements onm car conclude that it is best to use as fine’ Piet 
a grain film as possitie and the limitation here exists oniy in. a 
the lens aesign of a short enough focal iength lers ara in tne : ; we 
nenblem of renroducing fine image resolution. - Gare 
Char= 10 ~ Effect on Image Smear. 7 - a 


Thea next narameter to.vary is image smear. Chart 10 i:Llustrates cra 


the effect of variaus amounts of smear rate when angular resolution ~ i 
is nlotted against focal length. in ‘this case the ‘fixed conditions: ty 
are a l0e-inen diameter in 30-132 film. This famiiy of curves _ : 
indicates taat a cxduction in smear rate is accompanied by a ai ; 
improvement in tne anguiar resolution and also oy a snift. in the 
octimum focal length. The ixprovement in aia resolution is 


about 25 percent for a faster of 2 reduction in smear rate, | 





Uoviously, this improvement cannot go on indefinitely, since the tt, 


lens diameter limits the resolution to about 1/2 are second. — 
Consequently, further improvement yields smaller arri smaller gains: <, 


until] the —! resolutior reaches :;2 of are second asynptoticall» 


ast is an i-portan=: conclusion that a change in the smear gt 
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by a rezion describing the optiaun f nusber and foecal length. ars een 


Z> one considers a range cf smear and ‘liumination, tha resulting oe ao 
ath 

range in angular resolution can be minimized if the foca’ length ee 
.¥ 

is slightly shorter chan the optimum for the nominal case. ae 


From this point on in the study, it will be assumed that = 2 


camera design will be an optiaum design in that the optimus : Pee 


every 
Toca. Length with Se cncsen for each set of conditions. As a we 
peeurr tne only information required is the line in Chart 10 which ; is 
descrives the optimum focal length for a given condition, === :’- * 


Shast il = Ground Resolution’ vs Aperture for a Given Snaar fates, ¢ 


The next parameter to be considered is.lens diameter. It is-plotted” 


* eg aan 
7% Ps 


in tne graph against angular resolution for the optimum focal a . 
Resolution is also niven a. 


These 


length witn smear rate ss a parameter. 


tn terms of ground resolution from 190 nautical miles. 
data are independent of the fila for the current series of aerial a 
films. “This is tree owcause all of these films give approxinately 3 
the same angular resolution if the focal length is ephetets: = ‘ 
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Ooviously the resolution is improved, that is sel nunber 


is reduced, if either the iens diameter is increased or smear rate, 
Notice that the rate of improvement in resolution wit 


If the diameter Ay 


4s reduced. 
an increase in iens diaseter is not ons to one. 


inereased tenfold, the Azprovenent in sesolution is only about’ 
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It was estinated previously that a smear rate of 1 2 | ae tee 
milliradian per second is approximately the practia! limit for acaba ae 
photography from a gateliite at 2 100 nautical mites. The i‘ne . eh 
representing this sxear cate ts in rad to call attention to this sae *. 
practical Liait. | a 

it is now possible to use a few examples to determing 


what is required to obtein a given amount of resolution. A = i 


fu 
chat seeas to be in the sincs ¢ = | 7 3 
Pepe 
8 
. 3 ~ 
Althongh thers are no Zuzdamenta) limits on . 


diameter this conclusion is quite overwhelming. Even if ronnone ‘RB 

vere to claim that he could improve the residual swear rate by” ae 
a factor of &, wiich is cmuly ar “abit tious task, the diameter a oS 

of the lens drops only zo 50 inches. This reminds one of the we 


sbiting astronomical observatory which is to have at its heart pe 


2 tae 


& 50-inch dianetor telescope. But this systen is not expected at) a 
to be operational uatil about 1970 and requires the use ofa.” 7 
1 ie. 
Saturn booster. If, instead, one were to reduce his requirements, 
. z 
rensn.t2. be wore nearly within reach. < 
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miles. This reduces to an angular resolution of 2.7 are seconds, "5. 
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| ~ Required Correction ef Image Motion. te 
Tha relationship given in Cnart 11 can be used in a different 
manner. It is possiole to locate, on the graph, existing and 
proposed systems to determine what degree of correction of image pa 
smear 18 required to attain che design woale Ground resolution wo 
nas been removed because each of these systens operates at is ae 3 


own pa>ticular altitude and cannot necessarily be scaled to. :*! 


100 nactical miles. Consequently, the vertical position of each — 


system on the graph does not indicate the quality of ground i se 
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resolution ottained but rather the angular resolution needed to’ « 


produce the required quality. ' more 
2-6 has 3 9-inch diameter lers and a requirement to 


resoive 10 feet at 2:2 contrast from an altitude of 125 nautical : 
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E-5 has a lens diameter of 13 inches and aust attain 1.1 ae ey 








second resolution to resolve five feet at 2:1 contrast fron 50 
nautical ailes. The rocuired smear rste is very neariy l/s of 

a milliradion per second or nearly two times better than the 

1/2 milliradian per second practical limit. This design require. 
nent ts very anbitious, especia.ly when it is considered that 
the curves represented here are in theirs present location because 
of 7orced procesging which did not exist on SO-132 type film at 
the time when ES was proposes eri built. se ; : 
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Yt snould that there are snall 
variations in lens transsiission, filtration, and exposure, but 
for the systens that have been described here, those effects 
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Given Resolution and Smear Rate for SO 132 Fiin. ° 


“ens. Obviously the lines on Chart 13 are not in accord with: ous 








Chart 13 - Minimum Diameter F-Number Focal Length fora es: 


zf a specific Tila 4s chosen it 4s possible to include on tne ee. 
at” 
graph of angular resolution versus lens diameter, lines describing |: ied 


ie 
the optimue focal length and f-number. This has been done for | *™ 
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SO 132 film on Chart 13. One should rexember that this is based «= * 


"ge! 


on lenses «nich approsch the diffraction of an on-axis similar te “5 3 
those described on Chart % There is one obvious limit and that 
is 2/.5, the theoretical limit for the f-nunber of an aplanatic .: 


* * oe 
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sresent capability of iens design. There are no amet: Lenses 
of £/.5 relative aperture snd with.a field of view which is a i. 
ffictently lasge for practical use in aerial photography. we 
Therefore, it is necessasy to show the loss in resolution ae 
resclt of aberrations cf lenses which are deyond the State of tha 
art in relative aperture. This iz done in Chart 14. ° eh 
Chart 16 - Options Dianeter in F-tunber for Lenses with | | 3 
Expected Aberrations, SO i352 Fils. neh: - 
On Chart 14 the lines of constant f-nanber are curved to indteat®, 
that lens aberrations decome a severe limit to the. ground a 
resolution that car be obtained. As a result the lens is less: 
efficient from the stanapoint of obtaining a given resolutic 
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larger Giameter would be necessary and the photographic systen - er mS 
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would operete far short of the diffraction linit. “Tit 























. The effects of aberrations can be illustrated by d: raving - — 
i 7: a boundary line beyond which it becomes very difficult to design a 
4 1 | lenses spproach! ing the ci:fraction limit. This boundary is dram: : e. 
-_ in red on Chart 14. Again one mst reslize that such a boundary | a | 
i is neither sharply defined nor can it be ~epresented preci sely a 
a by a straight line, dowever, the data that was used to locate -*. {3am 
| 7 teis line indicates that tne Soundary is approximately correct « we ve 
; ‘ee and large dorartures to the sight of this Line are well outale : a 
ne of wist has been accospliohed to date. | | 28 CN 
iB Tnarefore, there cre two boundaries, one which is oe a . 
wes represented by the i/2 xilliradian per second practical limit 3 eg i 
; i ot smear, anc one which describes our lixitation in designing oe i a 
"2 : | Unfortunately the only region of practica! operation lies in ti ; 
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vO 
aD 


ef 
ae . 


restriction and as can be remenbered fron Chart &, coarser arain’. 

films of higher spesd yield the same srigular resolution if the ” e 
focal length is longer. Since the lens quality boundary was | pe 
deternined by the relative aperture of the lens, it should be” 8 


possibi e to move thet doundary to the right if coarser grain, ee he 


films than $0 132 are used. | bie “e.. | Set 
Chart 15 - Lintration of Lens Quality on Optimua DLaneter., a 


The dient seman of the lens quality boundary caused by coarser, on 


grain films than SO 132 is indicated on Chart 15. . Notice that ° 
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- B essential to expose on Paster and faster films at the expense. ot no 
coarser grain, larger image scale, and greater filn weight. . “te a 
F & result the systen size as one pregresses fron is 
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Chart 17 - Weight of Optics versus Lens Moertate:. 


It was stated previously that the weight of a lens is primmrily _ 


‘a function of its diameter. Lens dianeter versus weight is 


plotted in Chast 17 and the data does indicate & smooth curve 
relating these two factors. As would be expected, the optics 
for a pancraric systen are somewhat heavier than that of a strip 
system containing a single lens, Consequently a second line is 


gravn Zor panoramic systems. Note tnat in the region ‘from aoort. 


‘0 inches dianetor and upward, the increase in lens weight is 


proportional to approxiustely the square of the increase in. 


C40 9 0066 oe OOo COOH MO wy. 


Sonsideradly in excess of one ton. 


chart 18 - Fils2 Seisht versus Ground Rasolution. 
There is a very sinpla relationship between ground resolution, | 
Zilm resolution, and amount of coverage. This is illustrated in 


Chart 18. One hundred pezcent coverage is defined as all of the 


Communist countries amocnting to approximately ten million square _ 


nautical miles. it 4s assumed here that all photography is in -- 


stereo requiring at least two pictures of each area and that 
one-third of the weignt of film accounts for redundancy and 


wastage. This less is not anreasonable when one considers 


interfrane spacing, corccrs, leader, trailer, and redundancy -of.... 
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here is Estar thin base having a total thickness of about 66322 
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inches. 
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versus ground resolution for : a given anount of coverage. it! oe “, 
will be assured here ‘that the system overates at an altitude of*"" wt 
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